WAN-Ju, AND C. E. Stevens. Coupled active transport of Na and Cl across forestomach epithelium. Am. J. Physiol. 223(4) : 997-1003. 1972 .-Bidirectional fluxes of Na and Cl across the isolated, short-circuited bovine rumen epithelium were measured by both double-and quadruple-isotope-labeling techniques. Both Na and Cl were actively transported in the direction of lumen to blood, but since Cl was transported at approximately twice the rate of Na, the algebraic sum of their ion currents did not account for the recorded short-circuit current or even the sign (blood side positive) of the transepithelial electrical potential. Ion replacement experiments indicated that active transport of K or multivalent, inorganic ions could not account for this discrepancy. Removal of Cl from the bathing solution markedly reduced active Na transport to levels which could entirely account for the short-circuit current. Alternatively, the removal of the Na from these solutions almost completely inhibited the short-circuit current and markedly inhibited the active transport of Cl. Replacement of the bicarbonate buffer system with tricine significantly reduced active transport of both Na and Cl. Results indicated that 1) a substantial, active transport of at least three ions was required to explai,n the observed short-circuit current, 2) the additional ion(s) were HCOs and possibly H, and 3) the active transport of these ions was coupled to a significant degree. interdependence of Na, Cl, and HCOs transport; epithelial transport of inorganic ions; gastrointestinal absorption of ions; absorption from the rumen; coupled transport of Na and Cl THE RUMINANT FORESTOMACH is lined with a nonglandular, stratified squamous epithelium of considerable absorptive capacity. Studies of Sperber and Hyden (25) in the goat ductance, suggesting that a portion of the Na may be transported in nonionic form as NaCl. Harrison, Keynes, and Zurich (13) 1 f a so ound that the isolated sheep rumen epithelium actively transports Cl in the direction of lumen to blood, and replacement of bathing-solution Cl with SO4 decreased net Na transport and increased the short circuit. Permeability of the sheep rumen epithelium to K was demonstrated by Parthasarathy and Phillipson (Z), and its accumulation within a goat rumen pouch to concentrations approximately 5 times that of blood was noted by Sperber and Hyden (25). Ferreira, Harrison, and Keynes (9) measured 42K fluxes in the isolated, short-circuited, sheep rumen epithelium and found a small net Aux of K in the direction of blood to lumen in tissues bathed with Cl-free (S04) Ringer. But, as stated by Keynes (18) in his review, it was difficult to accurately measure net K flux due to the small unidirectional fluxes and the long period (2 hr) required to reach a steady state.
In the above studies of isolated rumen epithelium, it appeared that the short-circuit current could not be entirely explained by the algebraic sum of the ion currents resulting from active transport of Na, Cl, and K. However, these were neither measured simultaneously nor measured separately in significant numbers to allow accurate assessment of this. Therefore, the present study was conducted in an attempt to determine the mechanisms of Na and Cl transport across rumen epithelium and also to determine whether active transport-of these two ions could entirely account for the transepithelial electrical potential and, therefore, the current recorded under short-circuited conditions. While it was assumed that this was due to the lower osmotic coefficient of Na&SOJ , it was questioned as to whether this osmotic difference would still exist at 39 C. Therefore, samples of NaCl, NazS04 , and each of the bathing solutions used in this study were also subjected to vapor pressure osmometry, at 39 C, by a commercial laboratory (DeBell and Richardson). These tests showed good agreement with measurements of freezing-point depression. They also showed that the osmotic activity of NazS04 , per unit concentration, decreased with an increase in its concentration to a degree which would explain the lower osmotic activity of SOJ-Ringer.
This was corrected by an appropriate increase in the NazS04 concentration. Streptomycin sulfate (2 mg/liter) and potassium penicillin (2,000 USP U/liter) were added to the solutions prior to their use in order to inhibit bacterial activity. Solutions buffered with bicarbonate were gassed with 5 % COZ-95 % 02 , while those buffered with tris(hydroxymethyl)methylglycine [tricine] were gassed with 100 % 02 . Bridges used for the measurement of electrical potential and for short circuiting were prepared with tricine Ringer and 4% agar. In the ion-substitution experiments, the effect of Na removal was examined by substitution of K or choline. Sodium fluxes were measured by the double-labeling technique using 22Na and 24Na (19). The same technique using 36Cl and 38C1 was used to measure Cl fluxes. Isotopes were added to the bathing solutions at the beginning of the experiment. The solutions were then sampled at 0.5, 1.5, and 2.5 hr.
Three series of isotope experiments were conducted. In one series only Na transport was measured. The activity of 24Na (15 hr half-life) was determined by counts started immediately after completion of the experiment. Activity was measured with a well-type (NaI) scintillation detector at the 2.75-Mev emission peak. The 22Na activity measurements were made 15 days later with the same detector but at its 0.5-Mev emission peak. The 2.75-Mev emission activity was also recorded at this time to allow correction of previous 24Na counts. In a second series of experiments, which measured only Cl transport, 38Cl activity (38 min half-life) was measured immediately with the well-type scintillation detector at its emission peak of 2.15 Mev. Chloride 36 was measured with a Geiger-Muller detector at its 0.7 1 -Mev peak.
The third type of experiment involved simultaneous use of all four isotopes. Each was measured at the energyemission peak previously described. However, those used to measure 24Na and 38C1 activity were sufficiently close t0 provide mutual interference. Therefore, measurement of 24Na activity was delayed 5 hr. This was found to provide a sufficient time for removal of any significant 38Cl interference. To prevent the converse interference of 38C1 measurement by 24Na, it was necessary to precipitate the Cl as AgCl and wash the precipitate prior to measurement of Cl activity. This process of precipitation and rinsing introduced additional error in Cl measurements but allowed determination of short-circuit current as well as Na and Cl currents in the same tissue.
The sign for the transepithelial electrical potential (blood side positive), short-circuit current (positive), and ion currents (cation; lumen to blood positive) are those conventionally adopted. However, this tissue preparation consists of a nonsecretory epithelium dissected free of underlying muscle and serosa. Therefore, the terms lumen and blood are substituted for mucosa and serosa in the designation of tissue surfaces. The effects of Cl and/or HC03 replacement on the SCC and the net transport of Na were next studied. Table 3 lists the results obtained with five different bathing solutions (see Table 1 for their composition).
RESULTS
The last column in Table 3 gives the probability that the net Na flux was equal to the SCC in each solution. Table 4 gives additional statistical comparisons between net Na fluxes or SCC values obtained with different solutions.
it can be seen that net Na transport was more than 3 times greater than the SCC. When bicarbonate was replaced with tricine, net Na transport was significantly reduced (P < O.Ol), but still remained significantly higher (P < 0.01) than the SCC. When Cl was replaced with Sod, the net Na transport and SCC were essentially equal. Substitution of acetate, rather than Sod, for Cl resulted in a similar reduction in net Na transport, although it did remain higher than the SCC (P < 0.05). In Sod-Ringer, with or without bicarbonate, the SCC showed a small, but significant, increase above that seen with all other solutions. Using normal bicarbonate
Ringer as a base of reference, The effect of Na replacement was next studied. In one Note that replacement of Na with choline also resulted in a reversible decrease in short-circuit current to essentially zero.
series of experiments, tissues were first bathed on both surfaces with normal Ringer solution for 1 hr. These solutions were then removed and the tissue was rinsed and then bathed for 1 hr with a Ringer solution in which all Na had been replaced with K. This solution was then removed and the tissue was rinsed and bathed for an additional hour with the original normal Ringer. Figure 2 shows that in both bicarbonateand tricine-buffered solutions, the replacement of Na with K resulted in a drop in SCC to essentially zero. Table  6 ). There is evidence that this drug may produce effects other than carbonic anhydrase inhibition, especially at higher concentrations (14).
with K was reversible.
In a separate series of experiments, Na was replaced with choline. Paired tissues were used. One tissue sample was soaked in choline-Ringer for 15 min prior to the experiment and bathed with this same solution the first 90 min of the experiment.
The other tissue of each pair served as a control.
Results (Fig. 3) were similar to those just described, suggesting that the loss of SCC was due to the absence of Na rather than the presence of K or choline and that the XC measured with Ringer was largely dependent on active transport of Na. Since the above results suggested a relationship between Na, Cl, and HCOS transport, the effect of Na and HCOS on Cl transport was next examined.
Results of these experiments are given in Table 5 . Statistical comparisons of net Cl flux and SCC measurements in the various solutions are given in Table  6 . Again, using the normal bicarbonate Ringer solution as a basis of comparison, it can be seen that removal of HCOS from the bathing solution resulted in a marked and significant (P < 0.01) drop in net Cl flux. In an attempt to also inhibit tissue production of HCOS , acetazolamide was added to tricine-Ringer solution. Two dosage levels, 0.24 and 1.0 mg/ml, were tested. Although acetazolamide, especially at the lower dosage level, appeared to further reduce net Cl flux, this effect was not statistically significant.
In this experimental series, replacement of HCOa with tricine resulted in a small, but significant (P < O.Ol), decrease in the SCC. This reduction was not seen in the identical experiments of Na transport and was assumed due to differences among animals.
The remaining two experiments included in Table 5 show the effect of replacing Na with choline. This reduced the SCC to very low values, as previously indicated (Fig. 3 ), but it also resulted in a marked reduction in the net transport of Cl.
The data from the separate studies of Na and Cl transport (Tables 3 and 5 ) agreed with those of the quadruplelabeling experiments ( Table 2) in showing that the sum of the net Na and Cl transport did not account for the shortcircuit current. The present study clearly demonstrated that although rumen epithelium bathed in bicarbonate Ringer solution actively transports both Na and Cl in the direction of lumen to blood, the active transport of these two ions did not account for the observed short-circuit current. Net transport of Na was more than 3 times that required to explain the SCC, and the net transport of Cl alone would give rise to a current of opposite sign. Even the sum of net Na and Cl transport would provide SCC values opposite in sign and significantly different from those measured. These results were obtained in both the quadruple-labeling experiments, in which the fluxes of both ions were simultaneously measured in a single tissue, and the double-labeling experiments, in which Na and Cl fluxes were measured in separate tissues. Yet replacement of the Na in the bathing solution with either K or choline resulted in a complete, or almost complete, loss of SCC. Replacement of Cl with either acetate or SO4 resulted in a marked reduction in Na transport to a level which could almost (acetate-Ringer) or entirely (SOJ-Ringer) account for the SCC. Furthermore, there was no evidence that ions other than Na contributed to the SCC, since it showed little or no change following replacement of bathing solution Cl with SOa or AC, Mg with Na, PO4 with Cl, or HCOS with tricine. Studies (unpublished data) by J. S. McClure in this laboratory have demonstrated that rumen epithelium bathed in bicarbonate Ringer solution actively transports Ca in the direction of lumen to blood. However, the rate of net transport, 0.006 =t 0.001 pEq/cm2 X hr, would account for less than 1% of the measured SCC. Therefore, in spite of the fact that less than one-third of the total net Na transport was required to account for the SCC of tissues bathed with bicarbonate Ringer, it still appeared that this current was predominantly, if not entirely, dependent upon active transport of Na.
The marked reduction in net Na transport following removal of Cl from the bath and the marked reduction in net Cl transport following the removal of Na also indicated an interdependence in the transport of these two ions. A neutral NaCl pump, such as that described by Diamond (5) in the gallbladder of the roach, could account for this. It could also account for the Na which was actively transported in excess of that required to explain the SCC. However, tissues bathed in bicarbonate Ringer showed a net transport of 1.7 & 0.2 PEq of Na/cm2 X hr with a SCC equivalent to only 0.5 PEq of Na/cm2 X hr. Even if the remaining 1.2 PEq of Na were entirely transported as NaCl, this would account for less than one-half of the 2.8 =t 0.2 PEq of Cl actively transported under these conditions. Furthermore, even the presence of both a Na and a NaCl pump would not account for the marked reduction in the active transport of both Na and Cl following the substitution of tricine for the bicarbonate buffer system. Therefore, it appeared that at least one other ion must be actively transported at a relatively substantial rate, and the apparent inhibition of its transport following replacement of the bicarbonate buffer suggested that this ion might be HCOS or H.
The above results show remarkable agreement with those recently reported by Harrison (12) and Ferreira et al. (10) from studies of sheep rumen epithelium.
Harrison noted that the net flux of Na was abolished by the addition of ouabain to the bathing solution, and the net flux of Cl was markedly reduced by the addition of either ouabain or acetazolamide.
Ferreira et al. concluded that active transport of Na, Cl, and small amounts of K did not account for the short-circuit current and suggested the possibility of an active transport of H from lumen to blood or HCOS from blood to lumen. They also noted that the substitution of SO4 for Cl resulted in an increase in SCC and a decrease in the net transport of both Na and K. Although it was not specifically mentioned, it is interesting to note that when SO4 was substituted for Cl, the values they gave for the net transport of Na and K would appear to entirely account for the SCC. Figure 4 lists the SCC and the net Na and Cl fluxes, obtained in the present study from tissues bathed in either bicarbonate or tricine-Ringer solution.
It then attempts to account for the results under the assumption that the SCC resulted from the active transport of Na by a conventional Na pump and that the active transport of Cl and the remaining Na was ccomplished either by a NaCl pump and a Cl-HCOS-exchange mechanism (tissue A) or by neutral Na-H-and Cl-HCOs-exchange mechanism (tissue B). The tissue is represented as a single, rate-limiting membrane. It can be seen that in either case part of the Cl is transported in exchange for HCOS (or OH) and that replacement of the HCOs-CO2 buffer resulted in a 50 % reduction in the neutral transport of both Na and Cl. The above interpretations would not account for all of the results. They do not explain the difference between net Na transport and SCC when Cl was replaced with acetate. Although rumen epithelium transports acetate against its transepithelial electrochemical gradient (28), the direction (blood to lumen) would not account for this discrepancy. that SCC = net transport of Na from lumen to blood by a conventional Na pump and that remaining Na and all of Cl are actively transported either by A) NaCland a Cl-HCOZ-exchange mechanism or B) Na-Hand Cl-HCOS-exchange mechanisms (OH could be substituted for HC03 in each case). All numerical values are expressed in pEq/cm2 X hr.
The small residual current of approximately 3.0 ,ua/cm2 in Na-free (choline) Ringer is also unaccountable. However, both of the above discrepancies were relatively small and, although statistically significant, probably within the systematic errors of measurement.
The small, but significant, rise in SCC when Cl was replaced with Sod, also noted in studies of sheep rumen epithelium (18), might be attributable to the higher concentration of Na in SOJ-Ringer, since active transport of Na appeared to entirely account for the SCC under these conditions. Replacement of Na with choline reduced the net Cl transport to a much greater degree than that which could be accountable to inhibition of a NaCl pump alone. Although the inhibitory effect of choline-Ringer on SCC was reversible after 1 hr, suggesting that this solution produced no permanent damage to active transport mechanisms, removal of Na from the bathing solution would be expected to decrease the tissue's intracellular K and increase its cellular volume. Therefore, the effects of substituting ficult to interpret. this particular ion are especially difObviously, the substitution of any ion in the bathing solution might affect tissue functions other than membrane transport.
While this limitation of ion-substitution experiments is fully realized, it should be pointed out that: I) the evidence for active transport of substantial amounts of Na, Cl, and at least one additional ion was obtained in tissues bathed in normal bicarbonate Ringer solution; 2) the similar results obtained bv substitution of either K or choline for Na and either Sod-or acetate for Cl suggest that at least the effects were due to removal of the Na or Cl rather than the presence of the substituting ion; and 3) measurements of HCOS transport by isotope-labeling techniques are perhaps as difficult to interpret as bicarbonate-substitution experiments, since the isotope may be transported as either CO2 or HC03.
Present information does not justify further speculation as to either the mechanism of active Na and Cl transport across the rumen epithelium or their possible serial arrangements in opposing membranes of this epithelial tissue. However, it is interesting to note that the ruminant forestomach has a number of features analogous to those of the large intestine.
Both must retrieve critical amounts of the Na secreted by the salivary glands (7) and upper digestive tract, (24), respectively.
Both organs tend to reduce the acidity of their contents. The epithelium in both organs shows similar permeability to short-chain fatty acid (27). (4) . In vitro studies of the large intestine of the bullfrog have shown that the Na current was less than the SCC (3). The XC was unaffected by removal of Cl from the bathing solution, but it was substantially reduced by the replacement of Na with choline (21) or the removal of HC03 from the serosal bath (3, 2 1). Carlisky and Lew (1) examined changes in the specific activity of 14C-labeled HCOS placed in the mucosal and serosal bathing solutions of the frog colon and concluded that an intracellular compartment, incapable of exchanging either HCOZ or CO:! with the serosal fluid, readily exchanged bicarbonate with the mucosal fluid and that the cell-to-mucosa fluxes of HCOS accounted for the non-Na component of the SCC. While there was evidence that Cl was not actively transported across colonic mucosa, the evidence for Cl-HCOS exchange is difficult to explain in the absence of a net transepithelial movement of Cl, even if the HCOZ originated within the epithelial cells. Hubel (16) h as also demonstrated that in vivo secretion of HCOS by the rat ileum was dependent on Cl, although his results indicated that HCOS was secreted in excess of that accountable to Cl-HCOS exchange alone. He concluded that this discrepancy was not due to the electrochemical potential or transport of the bicarbonate 14C label as CO2 . Active transport of both Na and Cl in the direction of mucosa to blood across the isolated, short-circuited rabbit ileal epithelium was recently shown by Field et al. (11) . They also found that Na current was less than the XC and concluded that the discrepancy between SCC and the sum of the Na and Cl currents was due to active transport of HCOS into the lumen. Removal of bicarbonate buffer increased both the Na and XC, but since bathing solutions were not buffered, these particular results might be questioned. Therefore, it appears that the ileum, colon, and rumen are each capable of actively transporting Na and Cl and epithelium of the ileum and large intestine also shows somethat the active transport of both of these ions is affected by COZ-HCOS levels in the bathing solution. Although rumen and intestinal tissues appear to demonstrate some important differences, e.g., Na current is less than SCC in the ileum and colon, the similarities suggest common mechanisms and studies of rumen epithelium have the unique advantage that ion transport across this tissue is not further complicated by glandular secretion. There is one additional point which perhaps deserves special consideration.
There now appears to be reasonably good evidence that the isolated rumen epithelium can transport Na, K, Ca, Cl, Br, HCOa , and a variety of weak organic electrolytes against their respective transepithelial electrochemical gradients.
The mechanism which provides for the net transport of weak organic acids and bases appears to be nonspecific.
A model, based upon the presence of an electrochemical gradient of H ion between a tissue compartment and the bathing solution, plus a difference in the relative permeability of the opposing membranes of this compartment to dissociated vs. undissociated electrolyte, has been postulated to exnlain this nonsnecificitv (28). The
